We present the temperature dependence of the growth rate of carbon nanofibers by plasma-enhanced chemical vapor deposition with Ni, Co, and Fe catalysts. We extrapolate a common low activation energy of 0.23-0.4 eV, much lower than for thermal deposition. The carbon diffusion on the catalyst surface and the stability of the precursor molecules, C 2 H 2 or CH 4 , are investigated by ab initio plane wave density functional calculations. We find a low activation energy of 0.4 eV for carbon surface diffusion on Ni and Co (111) planes, much lower than for bulk diffusion. The energy barrier for C 2 H 2 and CH 4 dissociation is at least 1.3 eV and 0.9 eV, respectively, on Ni(111) planes or step edges. Hence, the rate-limiting step for plasma-enhanced growth is carbon diffusion on the catalyst surface, while an extra barrier is present for thermal growth due to gas decomposition. DOI: 10.1103/PhysRevLett.95.036101 PACS numbers: 81.16.Hc, 61.46.+w, 81.07.2b, 81.10.Aj The controlled synthesis of nanoscale materials such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs) is a fundamental step for the bottom-up fabrication of devices [1] . Many growth studies focus on surface-bound chemical vapor deposition (CVD) [2, 3] , which uses prepatterning of catalysts for selective growth. This has led to considerable effort to understand the catalytic growth process [4, 5] , with the ultimate aim of controlling the CNT properties and boosting their yield [6] . So far, the growth process has been optimized empirically, because the catalyst interaction with the carbon precursors is not fully understood. Previous theoretical studies mainly focused on nucleation [5, 7, 8] ; however, a key factor is the kinetics of carbon supply. Although the dissociative adsorption of hydrocarbons on a metal surface is central to heterogeneous catalysis in general [9] , little attention has been paid to this crucial step in the context of CNT or CNF growth. For surface-bound CVD, there is an application-driven need for low growth temperatures to enable the use of more sensitive substrates or integration processes. Low temperature could also allow a more deterministic growth, reducing the number of competing microscopic processes. However, little effort has been devoted so far to determine the onset of growth at low temperatures. Thermal CVD is characterized by an activation energy of 1:2-1:8 eV [10 -13]. Low growth temperatures were reported with plasma-enhanced CVD (PECVD) [2,14 -16], with a lower activation energy of 0:3 eV [2]. To understand these activation energies, we need to consider the fundamental processes in CNT or CNF CVD during tip or base growth: (1) adsorption of the gas precursor molecule on the catalyst surface, (2) dissociation of the precursor molecule, (3) diffusion of the growth species in or on the catalyst particle, and (4) nucleation and incorporation of carbon into the growing structure [ Fig. 1(a) ].
The controlled synthesis of nanoscale materials such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs) is a fundamental step for the bottom-up fabrication of devices [1] . Many growth studies focus on surface-bound chemical vapor deposition (CVD) [2, 3] , which uses prepatterning of catalysts for selective growth. This has led to considerable effort to understand the catalytic growth process [4, 5] , with the ultimate aim of controlling the CNT properties and boosting their yield [6] . So far, the growth process has been optimized empirically, because the catalyst interaction with the carbon precursors is not fully understood. Previous theoretical studies mainly focused on nucleation [5, 7, 8] ; however, a key factor is the kinetics of carbon supply. Although the dissociative adsorption of hydrocarbons on a metal surface is central to heterogeneous catalysis in general [9] , little attention has been paid to this crucial step in the context of CNT or CNF growth. For surface-bound CVD, there is an application-driven need for low growth temperatures to enable the use of more sensitive substrates or integration processes. Low temperature could also allow a more deterministic growth, reducing the number of competing microscopic processes. However, little effort has been devoted so far to determine the onset of growth at low temperatures. Thermal CVD is characterized by an activation energy of 1:2-1:8 eV [10 -13] . Low growth temperatures were reported with plasma-enhanced CVD (PECVD) [2,14 -16] , with a lower activation energy of 0:3 eV [2] . To understand these activation energies, we need to consider the fundamental processes in CNT or CNF CVD during tip or base growth: (1) adsorption of the gas precursor molecule on the catalyst surface, (2) dissociation of the precursor molecule, (3) diffusion of the growth species in or on the catalyst particle, and (4) nucleation and incorporation of carbon into the growing structure [ Fig. 1(a) ].
In this Letter, we consider the individual energy barriers for processes (1)- (4) , to identify the rate-limiting step. As the processes are sequential, the rate-limiting step in a proposed reaction path corresponds to the slowest process with the largest energy barrier. We also exclude reaction paths which require higher barriers than experimentally observed. We measure activation energies of 0.2 -0.4 eV for surface-bound PECVD of CNFs with the most common catalysts (Ni, Co, and Fe), much lower than for thermal deposition. We then investigate carbon diffusion on the catalyst surface and the stability of the precursor gases (C 2 H 2 or CH 4 ) by first-principles calculations. We find a low activation energy for surface diffusion on Ni and Co (111) planes. The barrier for C 2 H 2 or CH 4 dissociation on the catalyst interface exceeds 0.9 eV on Ni(111) planes or edges. Therefore, we propose that the limiting step for plasma-enhanced synthesis is carbon diffusion on the catalyst surface. On the contrary, the activation energy for thermal growth has to be at least as high as the barrier for gas decomposition.
In the commonly accepted growth mechanism, carbon dissolves into the catalyst and CNTs or CNFs grow by precipitation of excess carbon on the metal surface above or behind the catalyst particle [4, 5, 10] . This idea originates from the vapor-liquid-solid (VLS) mechanism suggested for solid silicon whiskers growth [17] . In this model, the catalyst forms a liquid droplet and preferentially adsorbs the growth species from the surrounding vapor. The solid whisker grows from this supersaturated eutectic liquid. However, CNF and single-wall CNT growth are reported at temperatures lower than 300 C [2, 15] and 600 C [16, 18] , respectively, well below the (size-corrected) metal-carbon eutectic temperature [19] . This implies that the catalyst can be solid, in contrast to VLS. Furthermore, in situ transmission electron microscopy shows that the Ni catalyst stays crystalline throughout the thermal growth of CNFs at 540 C [20] . Lattice-resolved images show neither carbide formation [21] nor extended liquid surface layers [22] . Baker and Harris [10] derived activation energies for CNF growth with Fe, Co, and Ni, and noted their similarity to those for C diffusion in the bulk metals. They thus suggested that the rate-limiting step for CNF growth is bulk C diffusion. However, recent calculations [20] argue that the thermal CVD energy barrier is a sum of activation energies of successive surface and step-edge processes, and is not due to bulk diffusion. This would imply the same high barrier for PECVD, in contrast with our measurements.
We perform a systematic study using Ni, Co, and Fe catalysts. Thin Ni films ( 6 nm) are magnetron sputtered, and 5-15 nm Co and Fe films are thermally evaporated onto oxidized Si(100) at base pressures below 10 ÿ6 mbar. Aligned CNFs [ Fig. 1(b) ] are grown using a dc PECVD system from a gas mixture of C 2 H 2 (50 sccm) and NH 3 (200 sccm) at 0.7 mbar pressure. The detailed growth conditions are reported elsewhere [2] . Here we stress that the discharge current at 600 V does not exceed 30 mA, and the power is less than 20 W. This minimizes additional plasma heating to less than 40 C, unlike high power depositions [14, 23] where plasma heating significantly raises the substrate temperature [14, 23] . Figure 2 compares the growth rate as a function of temperature for the different catalysts. In order to get accurate growth rate measurements, we prepattern the catalyst by e-beam lithography to get free standing vertically aligned CNFs [2] , rather than rely on weight gain measurements [24] or unpatterned samples height [11] [12] [13] . In the 250 -500 C range, the Ni and Co growth rates are very similar, whereas for Fe it is lower. Nevertheless, it is clear that the activation energy is always below 0.4 eV.
First-principles calculations of the reaction paths are done with the CASTEP plane wave density functional theory code [25] on slab models of the catalyst-carbon system. We use the Perdew-Burke-Ernzerhof gradient corrected functional and ultrasoft pseudopotentials with a 360 eV energy cutoff. Spin polarization is included, and the Brillouin zone is sampled by a 3 3 1 mesh. We use 5 and 4 layer slabs of metal to represent the (111) and (100) surfaces, respectively, and always keep the atomic positions in the bottom layer fixed. The vacuum layer between slabs is at least 5 Å , and, unless otherwise stated, the surface supercell is 2 2. We compute the relative energies of a number of metastable configurations and the lowest energy transition states (TSs) between them. We then examine the most likely reaction pathways, and evaluate the highest calculated energy barrier between the initial and final states. In each case, the TS is identified by selecting a reaction coordinate (usually the distance between two atoms, e.g., C-H, or C metal), and locating the highest energy configuration along the reaction path after geometry optimization, keeping a fixed value of the reaction coordinate. Although this is not an exhaustive procedure, we emphasize here that the crucial point is the existence of low barrier pathways. In the case of surface diffusion, the high symmetry of the system gives confidence that our barrier is the lowest possible. Should a diffusion path later be found with an even lower barrier, it would only strengthen our conclusions.
Recall the four sequential steps of growth shown in Fig. 1(a) : (1) precursor adsorption, (2) dissociation, (3) C transport, and (4) C incorporation. There is a driving force for graphene formation due to the energy gain per incorporated C atom [20, 26] . Independent of the initial nucleation mechanism, the barrier for process (4) is small, because no covalent bonds are being broken. We verify this by taking the geometry-optimized configuration of a graphene sheet (represented by a thin strip) lying on a Ni (111) surface, and placing an additional C atom at a nearby hollow site [ Fig. 3(a) ]. The surface unit cell is 4 2; we include 3 metal layers and fix the positions of Ni atoms in the lowest layer as well as of the C atoms at one edge of the strip. Upon relaxation, the additional C atom spontaneously joins the existing graphitic structure.
Carbon transport and incorporation into CNT walls are unlikely to be very different for thermal and plasma CVDs, so the role of plasma must be in processes (1) and (2). Neglecting self-pyrolysis, in thermal CVD, hydrocarbon dissociation occurs on the catalyst surface [20, 27] . Similar reactions are involved in many catalytic processes such as hydrogenation or steam reforming. The adsorption (1) and dissociation (2) steps [ Fig. 1(a) ] of C 2 H 2 and CH 4 on low index metal surfaces are different. On Ni(111), C 2 H 2 adsorbs exothermically (with 2.9 eV adsorption energy [28] ) without dissociation, whereas CH 4 can adsorb only on the Ni surface via dissociative adsorption. This gives a sticking coefficient at zero coverage for C 2 H 2 of 1 compared to 10 ÿ7 for CH 4 [29] . This explains why C 2 H 2 is often a more effective precursor than CH 4 . On the other hand, C 2 H 2 is more likely to block reactive sites due to a higher saturation coverage [30] .
Thus, we must calculate the dissociation energy for both C 2 H 2 and CH 4 . We do this for the most stable Ni surface: (111) [31, 32] . We find a barrier of 1:4 eV for dissociation by the H abstraction reaction C 2 H 2 ! C 2 H H on Ni(111) [ Fig. 3(b) ]. For comparison, the dissociation energy for an isolated C 2 H 2 molecule in vacuum is 5.58 eV [33] , underlining the catalytic effect. We also include the possible role of step edges in the reaction, since it was proposed that these may lower the barrier [26] . We thus consider a stepped Ni(111) surface. We find a barrier of 1.3 eV for C 2 H 2 dissociation [ Fig. 3(c) ]. The binding energy of C 2 H 2 at the step is 0.7 eV higher than adsorption on the flat surface. Thus the step edge does not help significantly the C 2 H 2 dissociation. For CH 4 on Ni(111), we calculate the barrier for the dissociative adsorption taking the transition state from [34] . We obtain a barrier of 1.2 eV, consistent with [34] , whereas on the step edge the barrier is 0.9 eV [26] . However, this barrier is still significant and should not be ignored as done in [20] . Summarizing, the minimum energy barriers for C 2 H 2 and CH 4 in processes (1) and (2) for thermal CVD are 1.3 eV and 0.9 eV, respectively. Thus, the minimum barrier for thermal CVD is H abstraction, and the overall activation energy must be equal to or larger than the dissociation barrier, in agreement with experiments [10 -13] .
In PECVD, the plasma creates new and more reactive species, such as radicals, in the gas phase and/or the catalyst surface [35] [36] [37] . This allows a reduction of the growth activation energy, as, e.g., atomic carbon can chemisorb directly on the catalyst [38, 39] . The adsorption of higher molecular species can change significantly in a plasma. Dissociative chemisorption can be induced by collisions [40] , particularly in dc plasmas. The sticking coefficient at zero coverage is found to vary with the different forms of excitation energies in the reaction, increasing drastically for vibrational excitation of CH 4 [41] . The higher amount of carbon radicals in a plasma manifests itself as noncatalytic amorphous carbon deposition [37] . Indeed, diluents and etchants are needed in PECVD to create reactive species etching the catalyst surface, in order to keep the surface transport paths open [2, 42] . The key role of diluents was recently shown also for thermal CVD [6] . In general, the surface chemistry is much more complex for plasma growth, and provides a richer carbon supply [35] , schematically indicated as 1 in Fig. 1(a) . We therefore assume a negligible barrier for steps (1) and (2) in plasma growth. As there is no barrier for step (4), the energy barrier is then C diffusion [step (3)].
We find that the stable C absorption site on the Ni(111) surface is the hollow site, where C is bonded to 3 Ni atoms. The TS is a pass site, where C is bonded to two Ni [ Fig. 3(d) surface is 0.4 eV for this state. The barrier for C diffusion along the graphene-Ni(111) interface was found to be 0.5 eV [20] , indicating that the C diffusion energy does not change significantly on formation of CNF or CNT walls. We get a similar barrier of 0.5 eV for a free Co(111) surface. On Ni(110), there is a similar barrier 0:4 eV [32] . These are in good agreement with our data in Fig. 2 .
We also investigate possible diffusion on Ni(100), which is energetically much less favored than (111). Here the atom corrugation is much deeper, and adsorbed C atoms are bonded to 5 Ni, but are farther away. C diffusion is more difficult. The barrier is 1.9 eV. However, even in this case, a lower energy path exists for subsurface diffusion [ Fig. 3(e) ] with an 1:0 eV barrier. C migrates one layer below the surface. This lower barrier can be understood noting that the number of Ni-C bonds that have to be simultaneously broken is less than on the surface. Subsurface diffusion is still easier than deep inside the bulk, because Ni atoms just above the C atom can displace upwards to the surface, unlike in the bulk. Finally, the energy barrier for bulk diffusion of C in fcc Ni is 1:6 eV [43] . As this exceeds that for CH 4 =C 2 H 2 dissociation, it is the rate-limiting step for CVD if surface diffusion on the catalyst is blocked by high carbon coverage.
In conclusion, the low activation energy for PECVD is due to surface diffusion. In contrast, the activation energy for thermal CVD has to be at least equal to the precursor molecules dissociation barrier. Maximizing catalyst activity and growth rate, thermal CVD of CNTs or CNFs should be possible at low temperatures via surface diffusion, as in PECVD. For bulk diffusion to operate as well, a higher energy barrier of 1:6 eV needs to be overcome. Above the (size-corrected) eutectic temperature, a liquid catalyst could significantly influence the growth dynamics. Our conclusions are not restricted to CNTs or CNFs, but have implications for catalyst assisted growth of nanomaterials in general. Given an appropriate precursor supply, the growth can proceed via diffusion on a solid particle at low temperature. Indeed, it was recently shown that ZnSe and GaAs nanowires can grow below the eutectic temperature by using atomic beams [44, 45] .
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